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Influence of iron oxide inclusion shape on CoII/IIIEDTA reactive 
transport through spatially heterogeneous sediment 
James E. Sz½csody, Ashok Chilakapati, John M. Zachara, and Amanda L. Garyin 
Pacific Northwest National Laboratory, Richland, Washington 
Abstract. Multisolute reactive transport was investigated in chemically heterogeneous 
systems to determine the influence of the shapes of the reactive heterogeneities (iron 
oxide inclusions) by comparison of two-dimensional heterogeneous experiments with 
spatially averaged models that had differing inclusion characterization. Eleven reactions 
were considered inthis system, starting with adsorption ofthe initial solute (conEDTA) 
to Fe oxides, followed by two competing surface reactions: oxidation forming conIEDTA 
and Fe dissolution forming FenIEDTA and Co 2+. Spatial moments of the eight mobile 
species were compared between data and models. One spatially averaged model 
(homogeneous equivalent), which incorporated inclusion mass only, significantly under 
predicted oxidation (up to 74%), the influence of reaction kinetics, and species 
retardation. In contrast, the ensemble average model (incorporating inclusion mass and 
length) well predicted speciation, retardation, and skewness. This large difference in 
prediction between two spatially averaging models was caused by the lack of incorporation 
of contact time of solutes with iron oxides in the homogeneous equivalent model and the 
importance of the contact time with the differing timescales of reactions. Experimental 
and modeling results also showed that the uncertainty in prediction of specific species 
increased as the inclusions varied from more ideal (fixed-length) to more natural 
(variable-length) shape of inclusions. 
1. Introduction 
While spatial heterogeneities of mineral reactants in the 
subsurface are widely recognized at different scales, few stud- 
ies have addressed the relative importance of chemical heter- 
ogeneities on reactive transport in complex geochemical sys- 
tems. Grain scale chemical heterogeneities influence single 
solute adsorption in batch systems, and sorptive behavior is 
better described by models accounting for the spatial variabil- 
ity of sites [Ma and Selim, 1994; Pedit and Miller, 1994; Westall 
et al., 1995]. During transport, differing scales of chemical 
heterogeneities exhibit influence ranging from breakthrough 
spreading [Bosma and van der Zee, 1993] to significant changes 
in apparent retardation, spreading, and tailing [Cvetkovic and 
Shapiro, 1990; Wise, 1993] when using a spatially averaged 
modeling approach. These studies have indicated that the im- 
portance of spatial heterogeneities in accurately predicting 
transport is related to aspects of both the reaction nonlineari- 
ties and spatial attributes. Even with no chemical heterogene- 
ities, complex geochemical systems (multisolute, multireac- 
tion) can exhibit complex speciation changes that are highly 
dependent on local concentrations [Chilakapati et al., 1998; 
Friedly and Rubin, 1992; Yeh and Tripathi, 1991]. It is therefore 
likely that complex geochemical transport in heterogeneous 
systems would result in a significant changes in mass, retarda- 
tion, and spreading that may not be predicted with a spatially 
averaged model. The multisolute, multireaction transport of 
metal-EDTA complexes in chemically heterogenous ground- 
water systems is the focus of this study. 
Metal ion migration in groundwater is typically enhanced by 
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organic ligand complexation [Hering and Morel, 1988; Riley and 
Zachara, 1992]. Ethylenediaminetetraacetic a id (EDTA) is a 
strong metal ion complexant and an observed contaminant in 
natural waters [Bryce et al., 1994; Kari et al., 1995]. EDTA has 
mobilized radionuclides to groundwater at waste disposal sites 
[Baik and Lee, 1994; Means andAlexander, 1981], and has been 
the subject of a field scale injection experiment o evaluate its 
impact on subsurface metal ion migration [Kent et al., 1994]. In 
soil and subsurface sediments the chemical stability and distri- 
bution of metal-EDTA complexes is controlled by interactions 
with Fe, A1, and Mn-oxides [Zachara et al., 1995a, b; Nowack et 
al., 1996]. conEDTA reactions with sediments include adsorp- 
tion, oxidation (forming CoIIIEDTA-), and Fe and A1 oxide 
dissolution (forming FenIEDTA -, AlnIEDTA-, Co 2+) that 
occur at different timescales. During transport, such reactions 
result in complex changes in 6øCo mobility and spreading due 
to the differential migration velocities of reaction products 
(i.e., Co 2+, conEDTA 2-, conIEDTA-). The con/nIEDTA 
reaction network under pH-buffered conditions (--• 11 reac- 
tions) has been well described in batch and one dimensional 
(l-D) column systems [Szecsody et al., 1994b; 1998; Brooks et 
al., 1996], as modeling simulated experimental data collected 
over different timescales. However, the oxide phases that 
largely control metal-EDTA species movement in the subsur- 
face commonly occur as spatially discontinuous inclusions at 
different scales (centimeters to tens of meters), and the ability to 
predict transport in these heterogeneous ystems is unknown. 
Because field scale subsurface chemical and physical heter- 
ogeneities cannot be fully characterized over domains of inter- 
est, spatially averaged values of physical and chemical param- 
eters are used in transport calculations with varied results. In 
many cases, these spatially averaged values that appear to 
describe field scale transport are significantly different from 
the actual parameters (determined in homogeneous laboratory 
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Figure 1. Conceptual diagram of the major reactions of 
conEDTA with iron oxides in sediments. Diagram shows ini- 
tial conEDTA adsorption (reaction (1)) followed by compet- 
ing reactions of ligand promoted Fe dissolution (reactions (7) 
and (8)) and conEDTA oxidation (reaction (6)). Reactions 
not shown include the adsorption of produced species and 
solution dissociation (Table 1). 
studies). Various spatial averaging techniques incorporate dif- 
fering amounts of characterization information about the 
chemical/physical heterogeneities, or iron oxide inclusions in 
this case. Homogeneous equivalent models, which incorporate 
only inclusion mass, can well describe solute movement given 
a linear, equilibrium adsorption [Bellin et al., 1993; Berglund 
and Cvetkovic, 1996], but fair to poor prediction results when 
sorption is nonlinear (Langmuir or Freundlich adsorption 
[Wise, 1993; Bosma et al., 1993]). In systems with several inear 
reactions, poor prediction can also result [Charbeneau, 1988; 
Tompson et al., 1996], illustrating the additional importance of 
reaction linkages. The ensemble average approach (incorpo- 
rating inclusion mass and length) and analytical models have 
been shown to provide good prediction of spatially averaged 
transport for single nonlinear reactions [Reichle et al., 1998; 
Wise, 1993]. These studies have also shown that the type of 
heterogeneity distribution can affect the accuracy of the spa- 
tially averaged approach. 
The objective of this research was to evaluate the impor- 
tance of the chemical and physical shape characterization of 
the iron oxide inclusions on predicting the multisolute trans- 
port of ConEDTA. The cowmEDTA/Fe-oxide system was 
selected as a representative reaction network exhibiting non- 
linear reaction behavior and kinetics spanning different time- 
scales, and one whose overall manifestation in heterogeneous 
porous media is expected to be highly dependent on the spatial 
distribution of Fe TM oxides. The spatial variability was limited 
to bimodal chemical heterogeneities (no physical heterogene- 
ities). This research was approached by evaluating conditions 
under which spatially averaged models (ensemble average, ho- 
mogeneous equivalent) predicted and failed to predict multi- 
solute transport in heterogeneous ystems. These spatially av- 
eraged models incorporated differing chemical and shape 
characterization of range of inclusion shapes considered. Pre- 
dictions from the spatially averaged models and a deterministic 
model (incorporating all inclusion information) were com- 
pared to actual multisolute transport in heterogeneous 2-D 
experiments. The integrated findings of this experimental and 
modeling study provide insights on the characterization 
needed at the field scale (volume, shape, permeability) to pre- 
dict the reactive transport of other solutes exhibiting complex, 
multireaction behavior. 
2. Problem Formulation 
2.1. Geochemical Behavior in Homogeneous Porous Media 
The reaction network for the geochemical interaction of 
ConEDTA 2- with iron oxides and its manifestation in batch 
systems and 1-D columns is well established by previous studies 
[Szecsody et al., 1994b, 1998; Zachara et al., 1995a] and is 
summarized below. The reactions of ConEDTA with Fe TM 
oxides and sediments is both p H and time dependent. The 
primary reactions include ConEDTA adsorption, oxidation, 
and EDTA-promoted Fe dissolution (Figure 1). ConEDTA 
adsorption conforms to Langmuir behavior and can be defined 
at fixedpH with an affinity parameter (K•), site concentration 
(M+), and adsorption rate coefficient (kf•; reaction (1) in 
Table 1). Partial dissociation f ConEDTA occurs belowp H 7, 
depending on Fe oxide solubility, that slowly produces 
FenIEDTA and Co 2+ (reactions (7) and (8)). conEDTA is 
also oxidized to conIEDTA (reaction (6)) which is a highly 
stable complex (log K > 40). The reactions exhibit different 
timescales: adsorption in hours (1.4 hour half-life), dissolution 
in 10 to 1500 hours (70 hour), and oxidation in 10-100 of hours 
(38 hour; all at p H 6.5). Fe dissolution and conEDTA oxida- 
tion occur at the Fe TM oxide surfaces; these two reactions 
compete for conEDTA sorbed mass because their reaction 
rates are comparable. Additional reactions needed to describe 
the system include the Langmuir adsorption of product species 
(FenIEDTA, Co 2+, conIEDTA; reactions (2)-(5)) and the 
dissociation of metal-EDTA species (reactions (9)-(11)). The 
matrix sediment (uncoated sand) used is nonreactive with met- 
al-EDTA species, but contains phyllosilicates that sorb Co 2+. 
In homogeneous columns, conEDTA exhibits chemical be- 
havior similar to batch systems, resulting in initial retarded 
breakthrough ofthe intact conEDTA complex (from adsorp- 
tion), followed by conIEDTA (from oxidation and small 
conIEDTA adsorption), and finally FenIEDTA and Co 2+ 
(from Fe dissolution). Because the competition between oxi- 
dation and Fe dissolution favors oxidation (the faster reaction) 
with shorter conEDTA-Fe oxide contact time, column 
experiments conducted at high velocities showed greater 
conIEDTA and less FenIEDTA compared with experiments 
at low velocities which showed greater FenIEDTA. Modeling 
of breakthrough data from six column experiments at different 
velocities [Szecsody etal., 1998] were used to parameterize this 
reaction network (Table 2) and are the basis for the heteroge- 
neity simulations. 
2.2. Description of Chemical Iteterogeneities 
Spatially distributed Fe-oxides are found in many geologic 
terrains, and these result from a variety of postdepositional 
physical and chemical processes [Blatt et al., 1972]. There can 
be multiple scales of the Fe oxide heterogeneities, and the 
depositional cause and resulting patterns can differ with scale. 
A study of an Atlantic coastal plain sediment report grain-scale 
spatial heterogeneities of amorphous and multiple Fe mineral 
phases [Zachara et al., 1995b], as well as fine-scale (mm to cm) 
iron oxide zones of highly irregular shapes dependent on fine- 
scale features (such as cross bedding) or plant roots [Tompson 
et al., 1996]. Weathered basaltic sediments in an arid western 
aquifer contains small (cm) lenticular shaped Fe-oxide inclu- 
sions as well as large (1-10 m) inclusions [Reidel et al., 1994]. 
Some of the inclusions have hydraulic conductivities compara- 
ble to the matrix sediment, and others do not. 
In this study, idealized chemical heterogeneity patterns of Fe 
oxides were considered in a 2-D rectangular flow system to be 
representative (but not a scale replica) of horizontal ground- 
water flow. While previous studies have shown that chemical 
[Cvetkovic and Shapiro, 1990, Wise, 1993], physical [Rubin, 
1995], and chemical/physical heterogeneities [Tompson, 1993, 
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Table 1. Chemical Reactions of con/nIEDTA With Fe Oxide-Coated Sand 
Equilibrium Kinetic 
Reaction Parameters Parameters 
Adsorption 
CoIIEDTA 2- + --FeOH•-• =FeOH2-ConEDTA - 
ConIEDTA - + --FeOH•-•2 =FeOH2-CønIEDTA 
FenIEDTA - + =FeOH•-• =FeOH2-FenIEDTA 
CaEDTA 2- + =FeOH•-• =FeOH2-CaEDTA- 
Co 2+ + --FeO- • --FeO-Co + 
kt,5 
k f6 
ConEDTA 2- • ConIEDTA - 
kb6 
Oxidation 
Dissolution 
7 (OH)2FeOH2-CønEDTA- •07 (OH)2FeOH2-EDTA3- + Cø2+ 
8 (OH)2FeOH2-EDTA 3- + 2H+ •--•-0s FenIEDTA - + 3H20 
Solution Dissociation 
9 Co 2+ + EDTA 4- • CoIIEDTA 2- 
kt, 9 
k/•0 
10 Fe3+ + EDTA4- k•-•0 FenIEDTA- 
k/•l 
11 Ca 2+ + EDTA 4- • CaEDTA 2- 
kbl 1 
K1, M+ 
K2, M+ 
K3, M+ 
K4, M+ 
Ks, M_ 
K6' • 
K?? 
K87 
K9 
rio 
rl• 
*Reaction is solved using kb and K, kf defined by K x kb. 
?Reaction is solved using kb and kf, K defined by kf/k b. 
k;1, kbl 
k;2, kb2 
k;3, kb3 
k.•4, kb4 
k.•s, kbs 
k6f, kb6 
mr7, kb7 
1%, 
k;9, kb9 
k* f10, kb10 
k* k b f11• 11 
Burr et al., 1994] can have a major impact on reactive transport, 
we limited the spatial variation to sorbent concentration (i.e., 
no physical heterogeneities) for simplicity in this 11 reaction 
system. Fixed- and variable-length rectangular bimodal [Kol- 
termann and Gorelick, 1996] inclusions were used to control 
and vary reactive residence times. Inclusions were 1.5 to 2 
orders of magnitude smaller than the flow field in order that 
the system be ergotic. Single residence time systems (fixed- 
length inclusions) contained square (1.2 cm x 1.2 cm, Figure 
2) inclusions, and variable residence time systems contained 
1.2 to 5.0 cm-long inclusions. 
2.3. Predicting Heterogeneous Behavior 
With Spatially Averaged Models 
Multisolute reactive transport simulations were conducted 
with two different spatially averaged approaches that incorpo- 
rated partial chemical characterization of inclusions were com- 
pared with actual multisolute transport and deterministic sim- 
ulations. Spatially averaged models (homogeneous equivalent, 
ensemble average) are used at the field scale because of the 
lack of complete spatial information commonly encountered. 
Two other spatially averaged methods were considered (ana- 
lytical methods [Reichle t al., 1998] and stochastic onvective 
reaction [Simmons et al., 1995]) but could not be applied to this 
complex reaction system. The spatially averaged models used 
can predict statistically similar breakthrough shapes and 
masses when important reaction nonlinearities are incorpo- 
rated. With homogeneous equivalent models, reaction sites 
associated with Fe oxides in the inclusions (i.e., Fe oxide mass) 
are assumed distributed uniformly throughout the inclusion 
and matrix sediments. This approach is used at the field sites 
when information is insufficient to characterize the shape and 
size of inclusions. Ensemble average models that incorporated 
inclusion mass and length were based upon Monte Carlo sim- 
ulations, or statistical breakthrough averages of each of the 
mobile species from 100 2-D transport simulations for the 
fixed- and variable-length inclusion shapes considered. Each 
simulation involved ConEDTA injection into a system with 
different, randomly generated, spatial pattern of inclusions. 
While neither of these spatially averaged models incorpo- 
rated the actual location of inclusions, accurate prediction of 
the reactive transport experiments with the homogeneous 
equivalent model would indicate that under specific onditions, 
inclusion mass was sufficient (i.e., characterization of the in- 
clusion shape was not needed) and that spatial averaging of 
reaction nonlinearities is unimportant. Poor prediction with 
the homogeneous equivalent model and good prediction with 
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Table 2. Reaction Parameters in Homogeneous Flow 
Systems 
Reaction 0.6% Uncoated 
Parameter Fe Sand Sand 
Adsorption 
Co 2+ 
M_, /xmol g-1 0.21 0.21 
K1, cm 3/xmo1-1 12. 12. 
krl, g h- 1/xmol- 1 2.6 2.6 
ConEDTA 
M+, /xmol g- 1 0.07 0.0 
K2, cm 3 /xmol-1 25. 0.0 
kr2 , g h -1/xmo1-1 33. 0.0 
FemEDTA 
K3, cm 3 /xmol-1 9.0 0.0 
kf3 , g h-1/xmol- 1 6.2 0.0 
CaEDTA 
K4, cm 3 /xmol- 1 25. 0.0 
kr4, g h- 1/xmol- 1 9.6 0.0 
ComEDTA 
Ks, cm 3/xmo1-1 2.5 0.0 
kfs, g h- 1/xmol- 1 20. 0.0 
Iron Dissolution 
kf7, h- 1 0.090 0.0 
kt, 7, g h -1/xmo1-1 0.003 0.0 
kf8 , h -1 0.010 0.0 
Oxidation 
kflo, h -1 0.018 0.0 
Dissociation 
conEDTA 
K9, cm 3/xmo1-1 10 TM 1018 
FenIEDTA 
glo , cm 3 /xmo1-1 1027 1027 
CaEDTA 
Kll , cm 3 /•mo1-1 10 TM 10 TM 
From Szecsody et al. [1998]. 
semble average) of the residence time were evaluated. Fixed- 
length inclusion systems were used to address the magnitude of 
spatial averaging with homogeneous equivalent and ensemble 
average models relative to a fully deterministic model ap- 
proach. Variable length inclusion systems (distribution of res- 
idence times) were then used to address the uncertainty in 
prediction with more naturally occurring inclusion shapes. Be- 
cause reaction extent was controlled by the reaction rate rel- 
ative to the residence time in the inclusions, imulations were 
conducted by varying a combination of parameters (flow rate, 
inclusion length, site concentration). 
2.4. Multi,solute, Multireaction Modeling 
A 2-D reactive transport model that incorporated multiple 
chemical reactions (11 reactions, 18 species) and chemical het- 
erogeneities was used to simulate transport in this study 
(RAFT [Chilakapati, 1995; Chilakapati et al., 1998]). Although 
flow in this system with no physical heterogeneities is uniform, 
analytic solutions are not available due to the presence of 
nonlinear reaction terms and chemical heterogeneities. The 
partial differential equations governing the system were solved 
numerically on a 2-D rectangular domain discretized with 
320 x 80 blocks to accurately solve the system and propagate 
sharp concentration fronts through the heterogeneous media. 
A full operator-splitting method was used where the reaction, 
advection, and dispersion operators were treated sequentially. 
A third-order method [Leonard, 1984] with a total variation 
diminishing (TVD) property [Harten, 1983; Gupta et al., 1991] 
was used for the advection subproblem. The dispersion sub- 
problem was solved implicitly. A stiff ODE solver, LSODA 
[Hindmarsh, 1983], was used for the reaction subproblem. Con- 
vergence analysis showed that the numerical error due to op- 
erator splitting was small [Chilakapati et al., 1998]. 
the ensemble average model would indicate that iron oxide 
shape information is additionally needed to accurately predict 
transport. Comparisons of spatially averaged to experimental 
and deterministic model results were made on spatial mo- 
ments, species mass, and peak concentration of five mobile 
species (conEDTA, conIEDTA, FenIEDTA, CaEDTA, 
Co 2+) and two grouped mobile species (total aqueous cobalt, 
COaq; total aqueous EDTA, EDTAaq ) at two locations. 
Sensitivity simulations were used to identify the extent to 
which specific reaction nonlinearities [Bosma et al., 1996; Cush- 
man et al., 1995; Pedit and Miller, 1994] affect spatially aver- 
aged transport for this reaction system. This involved compar- 
ing simulations of multispecies transport in heterogeneous 
systems with a fully deterministic model with spatially averaged 
approaches. The potential effects of (1) nonlinear adsorption, 
(2) reaction linkages, and (3) reaction kinetics (extent) were 
addressed. The effect of nonlinear adsorption on spatial aver- 
aging (without reaction linkages or kinetics) was accomplished 
with low velocity simulations where adsorption was near equi- 
librium and other reactions were rendered inactive (reactions 
(6)-(8), Table 1). Reaction linkages were then addressed un- 
der the same low flow conditions with reactions (6)-(8) active. 
Because the conEDTA reaction network has multiple ki- 
netically controlled reactions, it was likely that the residence 
time in the Fe oxide inclusion would be significant. Therefore 
the adequacy of modeling approaches which incorporated 
none (homogeneous equivalent) to an average measure (en- 
3. Experiments With Chemical Heterogeneities 
3.1. Two-Dimensional Experiments 
Two experiments were conducted in 1-m-long flow systems 
containing iron oxide inclusions to compare with spatially av- 
eraged model predictions. Experiments consisted of a pulsed 
injection of conEDTA as a plane source and measurement of
solute breakthrough at two down gradient locations (at x = 50 
cm, 100 cm, Table 3). The 2-D experimental system [Murphy et 
al., 1997; Szecsody et al., 1994a] used was 100 cm in length (x 
coordinate) by 20 cm (y) by 10 cm (z) and contained either 
fixed- or variable-length iron-oxide inclusions in the x-y plane, 
x = 0 cm 50 cm 100 cm 
Figure 2. Iron oxide inclusion configuration used in 2-D lab- 
oratory experiments with (a) fixed length inclusions (2.5% in- 
clusion by volume) and (b) variable length inclusions (5.0% 
inclusions). 
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Table 3. Two-Dimensional Experiment Physical Conditions 
Inclusion Type Fixed Length Variable Length 
Physical Characteristics of Flow System 
Length, width, height, cm 100 x 20 x 10 100 x 20 x 10 
p/,, g cm -3 1.5t 1.49 
0, cm 3 cm -3 0.46 0.47 
Point sample (x, y, z in [20, 7, 5] [10, 5, 5] 
cm) 
y average sample 1 [50-51, 0-20, 5-6] [47-48, 0-20, 5-6] 
[x, y, z in cm] 2 [tOO, 0-20, O-tO] [tOO, 0-20, 0-10] 
Experimental Conditions 
Interstitial velocity v 1.14 (<77.3 hours) 0.555 
cm h- • 0.58 (>77.3 hours) 
conEDTA injection, 0.0-210.9 0.0-196.1 
hours 
Buffer injection, hours 210.9-1160. 196.1-960. 
where patterns and inclusion lengths were randomly gener- 
ated. The fixed-length inclusion system contained (32) 1.2-cm- 
long inclusions of Fe-oxide coated sand (Figure 2), whereas the 
variable-length inclusion system contained (20) inclusions that 
were 1.2 to 5.0 cm in length. The synthetic Fe-oxide coated 
sand (Fe sand) was prepared by precipitating 0.6% Fe by 
weight as 2-line ferrihydrite on 0.14 mm sand [Schwertmann 
and Cornell, 1991; Zachara et al., 1995b]. The Fe sand and 
uncoated (matrix) sand had the same hydraulic conductivity. 
To minimize physical heterogeneities between the matrix 
and inclusion sands, the chemically heterogeneous system was 
packed by sprinkling matrix sand through water and vibrating 
the slurry with a pronged probe for several minutes to remove 
trapped air and increase bulk density. The inclusions (2.5 to 
5% of total volume) were made with Fe sand and a buffer 
solution (described below) that were frozen into desired 
shapes, then emplaced uring packing. Inclusions maintained 
rectangular shapes, as determined by destructive sampling af- 
ter experiments. Postexperiment bromide and dye injection 
studies showed no measurable difference in water flow near or 
through inclusions compared to the matrix. The bromide tracer 
front was measured at seven points with in situ probes (at x -- 
20, 50, 95 cm) and at 100 cm with a flow-through electrode 
(Figure 3). Longitudinal dispersion was calculated from tritium 
breakthrough. 
Transport experiments involved the sequential injection of a 
buffer solution [10 -2'8 mol L -• Ca(C104)2, 10 -3'0 mol L -1 
piperazine-N,N'-bis(2-ethanesulfonic acid) at pH 6.5] for 
96 hours to remove trapped gas, then 10 -4'5 mol L -1 
ConEDTA(aq) in buffer solution (10 -3'3 mol L -1 CaBr2) for 
200 hours, then the buffer solution for 1000 hours. Velocities 
were chosen to achieve specific residence times of ConEDTA 
in the inclusions (Table 4). The CoXXEDTA solution was 
radiolabeled with 9600 dpm mL -1 6øCo, 9200 dpm mL -1 
14C-EDTA, and 5100 dpm mL -1 3H. Liquid chromatograph 
pumps, valves, and tubing were used to control flow and min- 
imize external system volume. Pore water velocity was calcu- 
lated from effluent and sample weights and elapsed time. 
3.2. Sampling and Analysis 
Fluid samples were taken periodically at two locations to 
obtain average aqueous concentrations across inclusion and 
matrix sediments. These samples were taken at x = 50 cm 
using a 4-mm diameter porous polypropylene tube (y = 0-20 
cm; Figure 3) and at x = 100 cm from the outlet manifold. 
Periodic samples were additionally taken at a fluid sampling 
point located at x -- 10 or 20 cm (Table 3) and from the 
injection solution. The sampling frequency varied from 4 hours 
(first 250 hours) to 24 hours (800 to 1200 hours) and was 
accomplished with a computer-controlled syringe pump with 
multiplexing valve (Kloehn, Inc., Las Vegas, Nevada). Each 
sample round consisted of extracting a sample rinse then a 
sample from each of four locations and injecting it through a 
series of in-line electrodes (p H, oxygen, electrical conductivity) 
to a fraction collector (ISCO Inc., Lincoln, Nebraska). Fluid 
removal was minimized by use of microelectrodes and small 
diameter tubing to keep the sampling volume to <0.5% of the 
flow through the system. Data logging of the flow-through 
electrodes and in situ Br electrodes was accomplished with two 
additional computers controlled by the syringe pump com- 
puter. 
Samples from experiments were analyzed to define total 
component concentrations (e.g., [CO]T, [EDTA]T) and aque- 
ous species concentrations. Radioanalysis (6øCo, 14C-EDTA) 
of 0.1-/zm filtered samples was used to determine aqueous cobalt 
and EDTA concentrations [Coa• = Co 2+ + Con/mEDTA, 
EDTAaq = CoXX/IXXEDTA + Feni•EDTA + CaEDTA]. Detec- 
tion limits were 50 dpm mL -1 of each isotope (counting pre- 
tracer transport: 
data logging for 
Br' electrodes 
fluid wel 
samplin! 
situ Br' electrode 
diverter 
valve 
data logging: 
oxygen, EC, pH 
in-line oxygen, 
electrical conductivity, 
and pH electrodes 
sample control: 
syringe pump, 
detectors, and 
fraction collector 
effluent 
to balance 
Figure 3. Diagram of experimental system showing solute sampling and tracer monitoring. 2-D heteroge- 
neities (Fe-oxide inclusions) are in the x-y plane with flow in the x direction. Solution samples collect fluid 
averaged across reactive inclusions at x = 50 cm and 100 cm. 
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Table 4. Characterization of Inclusions in 2-D Simulations 
Fixed-Length Systems Variable-Length Systems 
Parameter Mean _+ s.d. Skew Mean _+ s.d. Skew 
Number of inclusions per system 
Number of inclusions per flow path 
Average inclusion length, cm 
Total inclusion length per flow path, cm 
Tracer residence time 
in each inclusion, hours 
within inclusions per flow path, hours 
CoIIEDTA residence time* 
within inclusions per flow path, hours 
32.0 _+ 0.00 0.00 21.8 _+ 1.20 0.33 
1.99 _+ 1.29 0.39 1.29 +_ 1.01 0.52 
1.25 _+ 0.00 0.00 3.89 _+ 1.31 0.64 
2.47 _+ 1.29 0.39 5.02 + 1.70 0.82 
2.16 _+ 0.00 0.00 7.01 _+ 2.36 0.64 
4.26 _+ 2.22 0.39 9.04 _+ 3.06 0.82 
82.0 +_ 42.7 0.39 165.2 _+ 58.9 0.82 
*Assuming conEDTA adsorption equilibrium. 
cision was 0.2%). Inductively coupled plasma emission spec- 
troscopy (ICPES) and mass spectroscopy (ICP-MS) was used 
for aqueous Fe [nearly all FenIEDTA at thispH] and Co analysis 
after 0.002-txm filtration. Detection limits were 3 x 10 -6 mol L -• 
(ICPES) or 8 x 10 -7 mol L -• (ICP-MS). Ion chromatography 
(IC) was used for measurement of comEDTA (detection lim- 
its of 2 x 10 -7 mol L -•) after 0.01-txm filtration. 
4. Results and Discussion 
4.1. Reaction Nonlinearity Influence on Spatial Averaging 
Simulations ofConEDTA reactive transport based on exact 
specification of inclusion dimension and location (determinis- 
tic model) were compared with a spatially averaged model 
(homogeneous equivalent) to identify the extent that nonlin- 
earities in the reaction network cause different outcomes in the 
two modeling approaches. Considering only ConEDTA ad- 
sorption (reaction (1)) at low flow rates, the two models 
yielded similar results, indicating the nonlinearities of this re- 
action at equilibrium were fairly small, similar to results of 
Bosma and van der Zee [1993] for equilibrium Freundlich ad- 
sorption. When all reactions in the network are considered 
simultaneously and at equilibrium, the two models also yielded 
similar results, indicating that reaction linkage effects were 
small. Equilibrium conditions are achieved at low flow rates 
when the ConEDTA residence time in the inclusions were 
much greater than reaction half-lives (ConEDTA adsorption 
1.4 hours, oxidation 38 hours, Fe dissolution 70 hours). 
At faster pore water velocities where nonequilibrium of one 
or more reactions occurred, significant differences were ob- 
served between results of the deterministic and homogeneous 
equivalent models. With ConEDTA residence times in inclu- 
sions of 4 hours, all reactions were at nonequilibrium condi- 
tions, and there were significant differences for ConEDTA 
breakthrough between the two models. However, because the 
subsequent oxidation and Fe dissolution reactions utilize ad- 
sorbed ConEDTA, there were only small differences between 
the small comEDTA and FemEDTA masses between simu- 
lations. The greatest difference between simulations was 
obtained with a 40-80 hours residence time because while 
ConEDTA adsorption was at equilibrium, competition be- 
tween oxidation and Fe dissolution reactions was highly sensi- 
tive to the residence time. Small changes (10%) in this resi- 
dence time resulted in significant differences (10-80%) in the 
mass of several solutes. This influence of reaction kinetics on 
spatial averaging was expected based upon results of other 
studies of single kinetic reactions [Cvetkovic and Shapiro, 1990; 
Hinz et al., 1994]. Because of the strong apparent dependence 
of model predictions on ConEDTA residence in the Fe oxide 
inclusions, transport experiments (Figures 4 and 5) and addi- 
tional modeling (Figures 6 and 7) were conducted with •--80 
hour residence times to further quantify factors controlling the 
comparability of spatially averaged models to heterogeneous 
reactive transport. 
4.2. Importance of Inclusion Length 
4.2.1. Fixed-length inclusion experiment and deterministic 
simulation. A 2-D experiment with 32 inclusions of the same 
length (Figure 2a) provided spatially averaged breakthrough 
data at two locations to compare with spatially averaged mod- 
eling approaches. The velocity as chosen to achieve a 
ConEDTA residence time of 82 hours, thus its breakthrough 
was highly sensitive to the amount of Fe dissolution (half-life 
70 hours) and oxidation (38 hours). Solute breakthrough in this 
system (Figure 4) showed the effects of the retarded transport 
of ConEDTA, followed by the formation of CoIIIEDTA, 
FemEDTA, and Co 2+. The breakthrough of CoIIEDTA 
(which was not measured explicitly) as an intact complex was 
implied from the initial coincident breakthrough of Coaq and 
II III EDTAa_. The transformation of Co EDTA to Co EDTA 
and Fe EDTA defined the extent of additional surface reac- 
tions. Solute breakthrough indicated kinetic effects (break- 
through curve tailing) that were greater than observed in ho- 
mogeneous experiments. Breakthrough curve shape for 
conEDTA and other species was largely defined by the reac- 
tion extent within the inclusions. The tailing for Coaq resulted 
from the retarded breakthrough of slowly desorbing Co 2+, 
while for EDTAaq resulted from the slow production of 
FenIEDTA by Fe dissolution. The influence of reaction rate 
on breakthrough curve shape was also shown by the velocity 
change at 77 hours affecting Coaq and EDTAaq concentrations. 
The heterogeneous (deterministic) model simulation quali- 
tatively matched the solute breakthrough data using chemical 
parameters from smaller scale experiments, with velocity and 
dispersion based on the 2-D tracer data (i.e., solute break- 
through curves were not fit) in Figure 4. Simulated break- 
through of CoXIEDTA decreased from 50 cm to 100 cm (Fig- 
ures 4c and 4d) as other species were formed by oxidation and 
Fe dissolution. The relative concentration of ConIEDTA was 
well predicted at 50 cm (data 0.47, model 0.51) and at 100 cm 
(data 0.47, model 0.54), as was its overall breakthrough shape. 
The deterministic model well predicted the shape of 
FenIEDTA breakthrough and its relative concentrations at 50 
cm, but FenIEDTA mass (area under breakthrough curve) was 
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Figure 4. Two-dimensional laboratory experimental results in system with fixed-length inclusions (pH 6.5). 
Sample locations (50 and 100 cm) average solute concentrations across chemical heterogeneities. Bulk 
movement a  (a) 50 cm and (b) 100 cm shown by tracer and grouped solutes (COaq and EDTAaq ). Individual 
species shown at (c) 50 cm and (d) 100 cm. Two-dimensional deterministic simulation (lines) based upon 
smaller-scale chemical parameters (Table 2) and physical parameters of 2-D experiment (Table 3). All species 
concentrations relative to 10 -4'5 mol L -•. 
poorly predicted (data 0.18, model 0.27 at 50 cm). The simu- 
lation of grouped species (COaq and EDTAaq) well matched 
the shape and concentrations at 50 cm, but were in only qual- 
itative agreement at 100 cm (EDTAaq off by 0.16). The lack of 
quantitative fits may have been caused by small differences in 
one or more reaction rates, which can affect several species in 
reactions systems [Lin and Benjamin, 1990]. 
While breakthrough curve moments are of considerable use 
for describing differences in heterogeneous data and spatially 
averaged models for single solutes, only some moments proved 
useful for this multisolute system. Breakthrough curve mo- 
ments for individual solution species (Table 5) were only par- 
tially useful, but grouped species moments and breakthrough 
mass analysis were of greater use at discriminating the match 
of the deterministic (and spatially averaged model) simulations 
to the experimental data. The similarity in the individual first 
moments of the chemical species indicated that the timing of 
solute breakthrough was well described by the model. The 
second moments accurately described the above noted differ- 
ences between data and simulation, shown by similar values for 
conIEDTA and departure for FenIEDTA. The third moments 
indicated that most breakthrough curves were skewed to the 
right (plus sign) relative to the tracer. COaq had the greatest 
skew (+ 2.6 data, + 1.7 simulation), reflecting its composition 
(conIEDTA, Co2+). This grouped species was a sensitive in- 
dicator of competition between oxidation and Fe dissolution 
because greater skew (resulting from greater Co 2+) reflected 
greater Fe dissolution and less oxidation. The fourth moment 
was not useful for these large injection pulses. Because mo- 
ments describe only breakthrough shape differences of single 
solutes, mass transfer in multireaction systems is not described. 
Several solutes had very similar moments but differ greatly in 
peak concentration and mass, so the additional information on 
breakthrough mass is needed for this multiple solute system to 
discriminate models, as described in the following section. 
4.2.2. Simulated transport with partial characterization of 
fixed-length inclusions. A comparison of the results of the 
homogeneous equivalent model (incorporating inclusion mass) 
and the ensemble average model (incorporating inclusion mass 
and length) to the experimental data clearly showed that in- 
clusion length (which controlled reaction extent) is a necessary 
model parameter. The spatially uniform distribution of reac- 
tive sites (Fe-oxide, M+ -- 0.062/xmol g-•) assumed with the 
homogeneous equivalent model resulted in a 262 hour contact 
time of conEDTA with the reactive Fe oxides, thus 
conEDTA adsorption, Fe-dissolution, and oxidation reactions 
were near equilibrium. The computed breakthrough curves 
from the homogeneous equivalent model were sharp and equi- 
librium-like (Figures 6a and 6b). In contrast, the 2-D data and 
ensemble average simulation had an 82 hours residence time 
(Table 4) in the 1.25 cm-long inclusions. Accordingly, there 
were significant kinetic effects caused by oxidation (38 hours 
half-life) and Fe-dissolution (70 hours). Breakthrough curves 
for the ensemble average simulation exhibited greater tailing 
from kinetics (more noticeable at 100 cm), and there were 
differences in speciation relative to the homogeneous equiva- 
lent simulation. With the shorter conEDTA-inclusion contact 
time in the ensemble average simulation, more conIEDTA 
and less FenIEDTA (and Co 2+) resulted because oxidation 
out competed Fe dissolution. The relative peak concentration 
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of CoIIIEDTA for the ensemble average simulation at 100 cm 
was 0.14 higher and breakthrough mass 0.18 greater compared 
to the homogeneous equivalent simulation (Table 6). Coaq 
breakthrough was nearly unimodal for the ensemble average 
simulation because l ss Co 2+ was produced. The EDTAaq 
breakthrough was sharper (0.07 higher) for the ensemble av- 
erage simulation due to a larger CoIIIEDTA peak. 
The breakthrough moments for individual and grouped spe- 
cies were partially useful in discriminating how well these two 
models described the experimental data. The computed first 
moments ofFeIIIEDTA, and COaq (Table 5) showed that the 
homogeneous equivalent model provided the least satisfactory 
description to the experimental data. Because the shapes of the 
species breakthrough curves computed by the different models 
were not significantly different from each other or the exper- 
imental data, the second, third, and fourth moments of indi- 
vidual species provided little information. There were signifi- 
cant differences in breakthrough mass, but these differences 
were not reflected in individual species moments. For example, 
the 2-D data (Figure 4c) and the ensemble average simulation 
(Figure 6c) showed significantly greater oxidation (CoIIIEDTA) 
than did the homogeneous equivalent simulation at 50 cm 
(Figure 6a), but this was not apparent from CoIIIEDTA mo- 
ments. In contrast, grouped species moments indicated shape 
changes that reflected speciation differences. The good match 
of the ensemble average model and the poor match of the 
homogeneous equivalent model to the data was well discrim- 
inated by the first, second, and third moments of Coaq and the 
first moment of EDTAaq. 
A comparison of breakthrough masses and peak concentra- 
tions provided additional insights on the adequacy of the dif- 
ferent models (Table 6). CoIIIEDTA mass was well predicted 
with the ensemble average model (data 0.47, ensemble average 
0.53 at 50 cm). The experimental data at 50 cm indicated that 
coInEDTA mass fraction was 0.19 greater than FenIEDTA. 
This difference was well described by the ensemble average 
simulation (0.17 greater CoIIIEDTA), but not by the homoge- 
neous equivalent model (0.15 less CoIIIEDTA). The standard 
deviation for the computed CoIIIEDTA mass for the ensemble 
average model was 0.030 (at 50 cm) to 0.047 (at 100 cm), so 
these differences were statistically significant. A frequency plot 
of the breakthrough masses (FenIEDTA, conIEDTA, Co 2 +) 
clearly showed differences between the ensemble average and 
homogeneous equivalent simulations (Figures 8a and 8b). The 
symmetric mass distributions for the ensemble average occurs 
because all iron oxide inclusions are the same length, thus the 
reaction extent and speciation is (on average) the same for all 
flow paths. The peak concentrations for individual species 
were also better predicted by the ensemble average model. For 
example, the experimental CoIIIEDTA peak at 50 cm was 0.51 
(Figure 4c) as compared to 0.52 _+ 0.043 with the ensemble 
average model (Figure 6a) and 0.39 by the homogeneous 
equivalent model (Figure 6c). 
4.3. Importance of Inclusion Shape 
4.3.1. Variable-length inclusion experiment and determin- 
istic simulation. An assessment of systems containing Fe- 
oxide inclusions of variable length was conducted to determine 
how the multispecies breakthrough characteristics were af- 
fected by variability of reaction extent. Data from the variable- 
length inclusion experiment (Figure 5) showed both similari- 
ties and differences to the fixed-length experiment (Figure 4). 
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Table 5. Breakthrough Curve Moments of Data and Simulations at 50 cm 
Experimental Data Deterministic Simulation Ensemble Average Homogeneous Equivalent 
Simulation/Data Mean +_ s.d. Skew Mean +_ s.d. Skew Mean +_ s.d. Skew Mean _+ s.d. Skew 
Fixed Length Inclusion Systems 
Tracer 165.2 + 71.1' +.018 163.1 +_ 69.9* +.015 183.1 +_ 58.6 +.002 183.1 + 58.6 +.002 
Co 2+ N.D. N.D. 509.3 _+ 238. +.104 582.9 +_ 224. -.038 585.8 _ 219. -.047 
FemEDTA 189.1 +_ 99.3 +.511 327.6 + 190. +1.40 380.7 _+ 205. + 1.18 361.4 +_ 192. + 1.32 
comEDTA 220.1 +_ 110. +.222 189.7 +_ 74.5 -.045 213.5 +_ 70.4 +.321 215.3 +_ 60.9 +.007 
Coaq 257.6 + 165. +2.64 289.5 +_ 244. +1.74 314.2 -+ 227. +1.25 415.4 -+ 276. +.722 
EDTAaq 224.2 _+ 120. + 1.56 255.7 + 161. + 1.87 265.6 +_ 152. +2.21 292.8 +_ 162. + 1.95 
Variable Length Inclusion Systems 
Tracer 185.3 + 63.6 +.192 183.8 + 59.6 +.179 183.8 _+ 59.6 +.179 183.8 _ 59.6 +.179 
Co 2+ N.D. N.D. 587.1 _ 125. -.904 711.2 +_ 211. -.685 707.4 _+ 198. -.547 
FemEDTA 330.4 +_ 140. + 1.76 370.9 +_ 158. +.592 581.2 +_ 234. -.149 532.4 +_ 241. +.128 
Co•nEDTA 212.5 +_ 85.4 +.779 254.2 +_ 93.4 +.695 247.5 _+ 94.5 +.741 252.7 + 64.0 +.234 
Coaq 236. +2.09 301.0 +_ 151. + 1.12 471.0 -+ 281. +.468 504.0 +- 298. +.375 
EDTAaq 241.2 + 131. +2.00 292.8 _ 107. +.917 416.4 +_ 247. +.706 459.2 + 242. +.556 
,, 
N.D., no data. 
*Velocity change in experiment (Table 3) resulted in earlier tracer breakthrough. Calculated tracer mean accounting for this velocity change 
and the 210 hours injection pulse is 183.7 hours. 
The experimental system contained 20 inclusions (Figure 2b) 
that averaged 3.8 _+ 1.3 cm in length, with no central tendency 
of the length distribution (Table 4). The average tracer resi- 
dence time in each inclusion was 7.0 +_ 2.4 hours as compared 
to 2.2 +_ 0.0 hours in the fixed-length system, so there was more 
time for CoIIEDTA to react with the Fe-oxides (i.e., greater 
reaction extent). The variable length experiment also had sig- 
nificantly less Fe dissolution (FeIIIEDTA mass 0.18) relative to 
the fixed length experiment (FemEDTA mass 0.49). Extensive 
tailing of many species was noted in the variable length exper- 
iment relative to the fixed-length one resulted from the greater 
variability in inclusion length (and resulting reaction extent). 
For single adsorption reactions, other studies have also shown 
that greater spatial variability of sites results in greater break- 
through spreading and skewness [Chen and Wagenet, 1995; 
Hinz et al., 1994]. 
The deterministic simulation of the experiment using param- 
eters derived from column experiments was a good match to 
data at 50 and 100 cm (lines, Figure 5). Breakthrough mass and 
peak concentrations of ComEDTA and FenIEDTA were de- 
scribed well by the simulation, but discrepancy was observed in 
the computed timing of FemEDTA breakthrough. Moments 
of conIEDTA and FenIEDTA from the experiment and the 
deterministic simulation were similar (Table 5). The model 
well simulated the general shape of the grouped species (COaq , 
EDTAaq), although the normalized concentrations were as 
much as 0.15 lower in the simulation. Tailing of COaq and 
EDTAaq (at >500 hours) was well matched by the simulation, 
although COa- tailing was too great due to the model overpre- 
•+ diction of Co adsorption to the matrix sand. 
4.3.2. Simulated transport with partial characterization of 
variable-length inclusions. A comparison of the two spatially 
averaged models (Figure 7) with the 2-D data (Figure 5) indi- 
cated that the homogeneous equivalent model poorly predicts 
the experiment while the ensemble average well predicts the 
experiment. However, while the ensemble average model pre- 
dicted the fixed-length experiment with small uncertainty in 
each species, there was much greater uncertainty in the pre- 
diction of some species in the variable-length experiment. Pre- 
diction uncertainty was caused by inclusion length variability, 
which was 30% of the mean (3.8 _+ 1.3 cm) as compared to 0% 
in the fixed-length system (Table 4). The conEDTA residence 
time within inclusions was 165 _+ 59 hours for the variable- 
length systems compared to a 251 hours contact ime with reactive 
sediment assumed for the equivalent homogeneous model. 
Significant differences existed in the speciation mass and 
Table 6. Characterization of Breakthrough Mass Reported as a Fraction of Injected Mass 
Observed Homogeneous* Ensemble Average at 50 cm 
Solute Mean Mean Mean +_ s.d. Skew 
Observed Homogeneous* Ensemble Average at 100 cm 
Mean Mean Mean _+ s.d. Skew 
Fixed Length Inclusion Systems 
ConEDTA '.. 0.045 0.080 +_ .014 -0.38 ... 
CaEDTA '.- 0.025 0.026 +_ .0030 0.50 .-- 
Co 2+ .-. 0.568 0.441 +_ .031 -0.35 -.. 
FemEDTA 0.281 0.541 0.362 +_ .037 -0.26 0.316 
ComEDTA 0.442 0.386 0.535 +_ .043 0.14 0.450 
Variable Length Inclusion Systems 
CoI•EDTA ... 0.040 0.056 + .020 0.28 ... 
CaEDTA ..- 0.003 0.021 +_ .003 0.50 ..- 
Co 2+ ... 0.694 0.481 + .036 -0.45 ... 
FemEDTA 0.321 0.690 0.425 +_ .048 -0.45 0.347 
ComEDTA 0.400 0.267 0.498 +-.075 0.19 0.454 
0.030 0.006 _ .0006 1.50 
0.0005 0.020 +_ .0025 -0.06 
0.631 0.404 _+ .015 -0.49 
0.571 0.398 + .031 -0.10 
0.396 0.576 +_ .047 0.10 
0.017 0.004 _+ .0009 1.30 
0.0001 0.014 _+ .0026 -0.05 
0.732 0.462 _+ .031 -0.43 
0.716 0.458 _+ .038 -0.14 
0.268 0.526 _+ .081 0.21 
*Homogeneous equivalent simulation. 
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ensemble average simulations with (a) and (b) fixed-length inclusions and (c) and (d) variable-length inclusions. 
breakthrough curve shapes that were computed with the ho- 
mogeneous equivalent and ensemble average models that were 
caused by differences in the effective contact time between 
conEDTA and the FeIII-oxide surfaces. Breakthrough curves 
from the homogeneous equivalent model were sharp (equilib- 
rium-like), in contrast to the significant breakthrough tailing 
observed in the experiment and as predicted by the ensemble 
average model. The peak concentrations at 50 cm of the en- 
semble average simulation (CoUIEDTA 0.53, FenIEDTA 0.19, 
Figure 7) matched the data (0.50, 0.26, Figure 5), in contrast o 
the homogeneous equivalent simulation (0.39, 0.32). CoIIIEDTA 
relative mass from the experiment at 100 cm (0.535) was 
matched by the ensemble average simulation (0.526 _+ 0.081), 
but not by the homogeneous equivalent simulation (0.268, Table 
6). In general, the individual species moments were not useful for 
discrimination, but grouped species were useful for identifying 
matches of simulation to data. The first, second, and third 
moments of Coaq as predicted by the homogeneous equivalent 
model were larger than both the experiment and ensemble 
average model because the computed speciation was different 
and reflected a longer effective contract ime. The EDTAaq 
first moment was also larger for the homogeneous equivalent 
model, reflecting a greater mass fraction of FenIEDTA. 
The most significant difference between the variable-length 
and fixed-length results were found in the breakthrough mass 
statistics describing ensemble average simulations (Table 6). 
The large deviation in the inclusion length (+30%) in the 
variable length systems resulted in 20-74% more variability in 
ensemble average estimates of peak concentration and break- 
through mass relative to the fixed length systems. The largest 
effect was noted for CoIIIEDTA breakthrough (74%) because 
the extent of the oxidation reaction was most sensitive to in- 
clusion residence time. In contrast, the standard deviation of 
FeIIIEDTA mass tandard eviation was only 30% greater for 
the variable-length system (Figures 8c and 8d) than for the 
fixed-length system (Figures 8a and 8b). Therefore, as the 
variability in the inclusion length increases, the precision of 
predictability decreases for kinetically sensitive solutes (e.g., 
coInEDTA). Because the variable-length system contained an 
inclusion length distribution with no central tendency, it is 
likely that the variability in speciation is greater than in systems 
containing inclusions which are normally distributed. 
4.4. ImplicatiOns to the Field 
For this reaction system which contained the several reac- 
tion nonlinearities (Langmuir adsorption, reaction kinetics, re- 
action linkages), only reaction kinetics significantly affected 
spatial averaging. This governed the type of spatially averaged 
model needed for accurate prediction and the type of hetero- 
geneity characterization needed. While the homogeneous 
equivalent model, which did not account for the shape of the 
reactive inclusions, poorly predicted heterogeneous transport, 
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the ensemble average model, which incorporates Fe mass and 
inclusion length, did result in accurate predictions. Field char- 
acterization of the total mass of reactive surfaces and the 
inclusion length can be accomplished by detailed characteriza- 
tion of a representative section of the aquifer. Field-scale met- 
al-EDTA transport studies have shown effects of spatial het- 
erogeneities of reactive surfaces [Jones et al., 1983; Kent et al., 
1994], illustrating the importance of the concepts tudied. The 
ensemble average approach is likely to accurately predict het- 
erogeneous transport in systems containing inclusions that pos- 
sess central tendency in shape but lose prediction ability for 
systems with highly distributed inclusion shapes. The ensemble 
average model can also be used to characterize chemical het- 
erogeneities in field systems. The inclusion length and its dis- 
tribution may be determined in the field by observing changes 
in the relative concentrations of the kinetically sensitive species 
(conIEDTA, FenIEDTA) at different pumping rates. Those 
metal-EDTA field sites that have been contaminated for de- 
cades may also be affected by aging or metal incorporation into 
sediment oxides [Ainsworth et al., 1994; Spurlock et al., 1995], 
and require incorporation of time- or concentration-depen- 
dent reaction rate parameters. 
Differences in the actual inclusion patterns relative to the 
idealized fixed-length inclusions considered in this study can be 
addressed by evaluating the controlling spatial averaging pro- 
cesses. Simulations with a greater number of inclusions (hun- 
dreds) showed that the same general conclusion as the re- 
ported fixed-length results, reflecting these systems were 
ergotic. Lower inclusion permeabilities present in some Fe- 
oxide inclusion systems would result in both physical (slow 
advection, diffusion) and chemical kinetic effects. Moderate 
permeability contrasts (inclusion: matrix 10:1-100:1) with sim- 
ilar timescales of physical and chemical processes would result 
in complex spatial averaging of species not addressed by these 
results. Higher permeability contrasts (>100:1) would render 
the system nearly nonreactive. Both inclusion permeability 
contra•t and inclusion shape would affect physical mass trans- 
fer rates into inclusions and thus reaction extent, so spatially 
averaged models would need to incorporate additional shape 
features of inclusions. Other studies with single reactions that 
have shown that combinations of physical nd chemical heter- 
ogeneities resulted in increased solute spreading [Bosma et al., 
1993] and coupled effects [Burr et al., 1994; Tompson, 1993]. In 
a reactive transport study of a different metal-organic omplex 
(uranyl-citrate) also in heterogeneous ystems containing Fe 
oxides, it was concluded that the correlation between reactive 
surface area and permeability, which existed, was less impor- 
tant compared to the overall mass and distribution of the iron 
oxides [Tompson et al., 1996]. 
5. Conclusions 
Through experiments and modeling, we have investigated 
the importance of spatially discontinuous reactive zones on the 
reactive transport of a solute controlled by a complex, kinetic 
multireaction network. The reaction system included revers- 
ible, slow adsorption of conEDTA to FenI-oxide surfaces, 
followed by two competing surface reactions, oxidation forming 
coInEDTA and Fe dissolution forming FenIEDTA and Co 2+. 
The competition between oxidation (a faster reaction) and Fe 
dissolution within the reactive inclusions was highly sensitive to 
the residence time of conEDTA in the reactive inclusions, o a 
model that incorporated the residence time was needed for ac- 
curate predictions. Data from 2-D heterogeneous experiments 
were compared with two prediction methods that incorporated 
differing amounts of characterization of inclusion properties to 
evaluate the implications to multispecies transport prediction. 
The modeling results showed that inclusion volume and 
length were needed input parameters to predict transport in 
heterogeneous ystems with a spatially-averaged model. Rela- 
tive to heterogeneous transport experiments, the spatially 
averaged model that incorporated only the inclusion volume 
(homogeneous equivalent), predicted 20-74% more Fe disso- 
lution (and less oxidation) with sharper, less skewed break- 
through curves (i.e., effects of reaction kinetics were small). In 
contrast, ensemble average models that incorporated inclusion 
volume and length well predicted heterogeneous speciation 
and breakthrough curve shapes, illustrating the importance of 
the inclusion length (which defined reaction extent). Compar- 
isons of systems with fixed- to variable-length inclusions ad- 
dressed the effect of reaction extent on the uncertainty of 
model predictions. While the homogeneous equivalent model 
was still a poor predictor of the actual multispecies heteroge- 
neous transport, the ensemble average model well predicted 
breakthrough, but with less certainty for specific species. A 
range of inclusion lengths (or residence time within inclusions) 
in the variable length system caused greater uncertainty in the 
ensemble average prediction of conIEDTA breakthrough be- 
cause of its distributed effect on the reaction progress. 
This study demonstrates that chemical heterogeneities not 
only result in increased breakthrough curve spreading and 
skewness as reported in other studies, but for multisolute, 
multireaction systems, can additionally result in changes in 
average species retardation and breakthrough mass. While 
breakthrough curve moments of individual chemical species 
were inadequate to describe differences between heteroge- 
neous and spatially averaged transport due to the speciation 
changes, moments of a chemical components (Coaq) were use- 
ful because their shapes changed with speciation. Statistical 
information about breakthrough mass and peak concentration 
provided the additional discrimination needed to identify the 
most accurate modeling approaches. Collectively, the study 
reinforces the need to understand the importance of specific 
inclusion characterization for a reaction network to accurately 
predict system response with a spatially averaged model. 
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